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SUMMARY

q

An investigation has been made of the interference effects which

are produced at a Mach number of 3.11 by wedge-shaped bodies, simulating

nacelles, located under a triangular wing. The effects of the basic

variables of wedge angle and height, of internal air flow, and of modi-

fications to the basic shapes were studied by measuring and integrating

the pressures on the bodies and on the bottom wing surface. The results

were analyzed both from nacelle considerations, where the base-pressure

effects were neglected, and from volume considerations, where the base-

pressure effects must be included in the drag. The data and discussion

do not include the forces generated by the top surface of the wing since

the body pressures were generally felt only on the lower wing surface.

Location of the basic body shapes under the wing did not produce a

favorable interference effect on the maximum lift-drag ratio, even when

the base-pressure drag was neglected. The maximum lift-drag ratio of

the configuration with the smallest body was about equal to the value

of the isolated wing, but the use of larger bodies resulted in lower

maximum lift-drag ratios. Modification of the basic body shape by

rounding the outboard edge or by maintaining a constant width over the

rear portion of the body improved the maximum lift-drag ratio. Modi-

fication of the basic body shape to incorporate a supersonic nose inlet

did not alter the interference characteristics of the basic shape. The

agreement between the linear theory and experimental results was fairly

good at low lift coefficients for the smaller basic bodies. As the body

size and angle of attack increased, the discrepancies became larger.

When the bodies were considered from the viewpoint of drag per unit

volume, and the base drag was included, none of the bodies were as effi-

cient as an isolated, equal-volume, Haack body of fineness ratio 18.1.

Titlej Unclassified.
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INTRODUCTION

At both subsonic and supersonic speeds, the drag of an aircraft

may be reduced by arranging or shaping the various components to utilize

or to produce favorable pressure-interference effects. These effects at

supersonic speeds have received considerable study. In one phase of the

study, the concern has been with the effects of placing a body under a

wing so that the positive pressure field of the body may produce lifting

pressures on the wing. (See refs. 1 to 3.) The body might be the air-

plane fuselage, an external store, or a powerplant installation. For a

powerplant installation made up of a series of engines, a rectangular

shaped nacelle might be used. Configurations incorporating this type

of engine installation are presented in references 4 and 5.

The interference effects produced by thin rectangular shaped bodies
h_.v_ been s_xxdteS +_+_o_],r and +_ *"_-..................... j, _ s_ is discussed in refer-

ence i. The effect on overall lift-drag characteristics of placing flat-

sided, wedge-shaped bodies under a triangular wing was calculated by

means of linear theory. This study was limited to plane-sided shapes

which lent themselves to theoretical analysis. It was shown that at

optimum conditions the drag of the wing-body combination may be less

than that of the wing alone; however, the analysis neglected the effects

of the skin-friction drag due to the body and of the base drag, and no

correlation was made with experimental results.

It was the purpose of the present investigation to study experimen-

tally the interference effects at a Mach number of 3.11 resulting from

the location of wedge-shaped bodies (simulating engine-nacelle installa-

tions) under a triangular wing. The effects of the basic variables of

wedge angle and height, air flow, and modification of the basic wedge

shapes were investigated. Pressure distributions were measured on the

wedge and lower surface of the wisg at angles of attack from 0 ° to 6° .

The Reynolds number was 21.9 x i0° based on the wing root chord. The

pressure distributions were integrated to obtain the undersurface lift-

drag characteristics for cc_nparison with linear theory and with the

wing-alone characteristics. The effects of skin friction and base drag

are discussed. Since the bodies might be used for fuel cells or storage

of equipment, the results are also discussed from the standpoint of volume

considerations. The data and discussion do not include the forces gen-

erated by the top surface of the wing since the body pressures were gen-

erally felt only on the lower wing surface.
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SYMBOLS

b

c o

CL

AC L

CD

Cf

Cp

h

L/D

R

span

root chord

lift coefficient

lift-coefficient increment at a given angle of attack between

any wing-body configuration and wing alone

drag coefficient

skin-frictlon coefficient

incremental-drag coefficient based on body volume raised to

the two-thirds power

pressure coefficient

maximumbodyheight

lift-drag ratio

Reynolds number

x chordwise distance measured from wing apex

y spanwise distance measured from vertical center line of wing

z local height on body measured from surface of wing

angle of attack

6 body or wedge half-angle

e angular position (see fig. 16(m))

= _M2 _ 1
V

G,

A wing-leading-edge angle of sweep

c shock-wave angle

q = _ cot A
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Subscripts :

B

b

P

f

t

w

(L

2D

body

base

pressure forces, excluding base pressure

total force, excluding base pressure

total force

wing

angle of attack

twu-_±m_n_±ui1_m
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APPARATUS AND TESTS

Apparatus

The semispanmodel used in this investigation was mounted as shown

schematically in figure i in a Langley gas dynamics laboratory blowdown

jet having a test section which was 9 inches high and i0 inches wide.

The wing had a root chord co of 8.66 inches and a semispan of

5.00 inches. The wing surface to which the bodies were attached was

flat and the angle of attack was measured with respect to this surface.

The opposite surface had a wedge angle of 5°_ measured in the stream

direction. This angle was held constant to the trailing edge, as illus-

trated by the typical section detail. A wing trailing-edge extension

of i inch was used during all of the tests in an attempt to minimize

interaction between the blunt bases of the wing and body. The wing was

mounted on a circular turntable which rotated to give the desired angle

of attack. Boundary-layer thickness on the reflection-plane surface was

minimized by use of a boundary-layer scoop and by keeping the distance

from the scoop leading edge to the wing as short as possible.

The fourteen bodies which were studied are shown schematically in

figure 2. The pertinent dimensions are tabulated and the dimensionless

volumes of the half-bodies which were tested are given for all bodies

except 8 and 9- For clarity the trailing-edge extension just discussed

has been omitted in figure 2.

Bodies i to 7 were designed to investigate the effects of the basic

variables of wedge angle and body height, and to provide data for
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comparison with linear theory. The wedge half-angle 5 was varied from

3° to 9 ° and the body height h/c o was varied from 0.0525 to 0.158 of

the wing root chord. The smallest and largest of these bodies are shown

in figure 2.

Bodies 8 and 9 were designed to determine the effects which internal

air flow might have on the body characteristics. These bodies were geo-

metrically similar to bodies 3 and 4 as far as wedge.half-angle 5 and

body height h are concerned. An air inlet was located in the front of

these bodies. The inlet was designed to capture a stream tube of air

having a width of 0.0525c o and a height equal to the body height h.

The leading edge of the side of these bodies was located so as to be in

the same plane as the theoretical, two-dimensional shock wave generated

by bodies 3 and 4 at an angle of attack of 0°. The air captured by each

inlet was directed through the reflection-pique surface and dumped into

the atmosphere. Bodies 8 and 9 may be considered as inlet-nacelle instal-

lations operating at a mass-flow ratio of 1.

Bodies i0, ii, and 12 were designed to study the effects of altering

the rear portions of the basic wedge-shaped bodies. The forward portions

of these bodies were identical to body 4. On body i0 the bottom rear

section was cut back along a Mach line to duplicate the type of body

studied in reference i. Bodies ii and 12, respectively, had sections of

constant width over the rear half- and quarter-body lengths as shown in

figure 2.

Bodies 13 and 14 were designed to study the effects of replacing

the square outboard corner by a circular or elliptical corner. These

bodies were similar to body 4 in two aspects. The leading-edge half-

angle was 6° and the volumes were made the same as that of body 4 by

increasing the body heights. On body 15 the radius of the corner at

every chordwise station was equal to the local width established by the

6° half-angle of the wedge. The same criterion was used to establish

the major axes of the local ellipses which form the edge of body 14.

In figure 2 the conical and elliptical portions of these bodies have

been shaded for illustrative purposes.

A typical orifice installation is illustrated in figure 3. In gen-

eral the orifices on both the wing and body were located in ll chordwise

stations. Several additional orifices were located near the wing leading

edge to assist in determining the location of the shock wave produced by

the body. A total of 47 orifices were located on the wing with varying

numbers being covered by the different bodies. There were 43 to 57 ori-

fices installed in the bodies. This relatively large number of body ori-

fices, compared with that of the wing installation, was considered nec-

essary to determine with sufficient accuracy the pressure distributions

on the bodies. The base pressures on the bodies were measured by 2 to
4 orifices.
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Tests

The tests were conducted in a blowdown jet at a Mach number of 3.11.

The stagnation pressure was 210 pounds per square inch absolute. The

Reynolds number based on the length of the wing root chord was 21.9 x 106 .

The angle of attack was varied from O° to 6° . Model pressures were iNdi-

cated on mercury manometer boards and were photographically recorded.
All tests were conducted with free transition.

t
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REDUCTION AND ACCURACY OF DATA

In an investigation of the type presented herein, the method of

reducing the data may have an important effect upon the overall accuracy

of the results. The reduction and accuracy of data are, therefore, dis-

cussed concurrently. _T_e accuracy of the individual pressure coeffi-

cients Cp is about ±0.003. It is difficult to determine the overall

accuracy of the integrated results. It is believed, however, that the

following discussion indicates that the errors due to data-reduction

techniques are small and that the overall accuracy is, therefore, good.

The general procedure for determining the normal-force coefficients

was to fair and integrate the basic data at each chordwise station. These

integrated results were then plotted against x/c o and integrated to

obtain the final results. A typical fairing of the basic data is shown

in figure 3. These data were obtained at an angle of attack of 0° and

a value of x/c o of 0.798 on wing-body configuration 4. The symbols

indicate the surfaces on which the pressures were obtained. It will be

noted that one pressure from the side of the wedge (measured by orifice

in row closest to wing surface) has been included in the data and that

this wedge pressure is about @qual to a nearby pressure measured on the

wing surface. At other chordwise stations a wing pressure is usually

not measured close to the wedge, and at these stations the wing pressure

at the wing-body juncture is assumed to equal the pressure measured nearby

on the vertical surface of the wedge. This assumption is more accurate

over the rear 60 to 70 percent of the configuration where the wedge side

pressures do not vary rapidly over the height of the wedge. It was

assumed for fairing purposes that the pressure rise across the shock

wave from the leading edge of the body was discontinuous. From boundary-

layer considerations, one might expect the pressure rise to occur over

a small but finite region, and the data indicate this fact to be true.

It is not thought, however, that the assumption of a discontinuous rise

results in any significant error in the final results. The location of

the body shock wave was determined by the procedure which follows. The

approximate location at each chordwise station was determined by comparing

the pressures on the wing-body combinations with the pressures on the wing
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alone. A consideration of these approximate locations over the whole

wing and the fact that the shock wave must be a continuous line enabled

the shock position to be established within relatively narrow limits.

Further refinements were possible by correlating the shock positions of

the various bodies at the four angles of attack. The estimated shock

location at _ = 0° for body 4 is shown in figure 5 to illustrate that

when the shock is known to be between two orifices at each station the

shock location is established within small limits. The pressure distri-

bution outboard of the body shock was assumed to be equal to the wing-

alone distributions. The fairing of the data is probably the least

accurate over the forward 20 to 50 percent of each configuration because

of the rapidly changing pressures and the limited number of orifices.

As these data were faired, consideration was given to the theoretical

pressures which would be expected in these regions. It is believed that

these fairings are reasonably accurate and the resultant errors in the

final data are small. Since the data were all faired from similar con-

siderations, the relative errors between the configurations should be

especially small.

The chord-force coefficients for all bodies except 15 and 14 were

obtained by plotting as a function of X/Co, fairing, and integrating

the data obtained at the three body heights z/c o. A second integration

along the body height was performed to obtain the final force coefficients.

For bodies 13 and 14 the forces on the curved surfaces were obtained by

integrating first along a radial line and then around the curved surface.

On the flat surfaces the integrations were made first along the body

height and then along the body length.

The fairing of the chord-force data_ as with the normal-force data,

is less accurate over the forward part of the bodies because of the

relatively rapidly changing pressures caused by the wing presslure field

and the expansion around the corner of the body. The data were all faired

to a value equal to the two-dimensional pressure at the leading edge of

each body. It is thought that the accuracy of the chord-force data is

the same as the accuracy of the normal-force data.

RESULTS AND DISCUSSION

General Remarks

Throughout the discussion the configurations incorporating bodies

1 to 7 are considered to be the basic configurations since these bodies

include the primary variables of body height and half-angle. Comparisons

with linear theory are limited to the results from these seven bodies.
The remainder of the bodies are considered to be variations of the basic
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shape, and their effects are discussed from this viewpoint. Bodies 9 to 14

are all variations of basic body 4. The characteristics of all configura-

tions are discussed both from a consideration of engine-nacelle installa-

tions, in which case it is assumed that the engine exhaust occupies the

base area so that the base-pressure drag is zero, and from a considera-

tion that the bodies provide needed volume. In the latter case the base-

pressure drag must be charged to the configurations. The data and dis-

cussion do not include the forces generated by the top surface of the

wing. For most of the configurations the forces on this surface are

independent of the body and, therefore, a consideration of these forces

would not alter the general conclusions; however, the absolute values of

the lift-drag ratio will be changed to some extent. For those configura-

tions in which the body shock moves ahead of the wing leading edge under

some test conditions, a consideration of the forces on the top surface of

the wing would decrease the value of L/D. These conditions occur at an

angle of attack of 6° for bodies 3, 4, and 5 and at angles of attack of 2°

and above for bodies 6 and 7. The lift and drs_ coefficients ubtained

from the measured pressure distributions are given in table I.

b
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Basic Data

General remarks.- The lifting pressure distributions measured on the

bottom surface of the wing alone are presented in figure 4. The data were

obtained at angles of attack varying from 0° to 6° and at ii chordwise

stations. The pressure distributions are generally faired through the

data points although some inconsistency in data fairing results. This

fairing was used to facilitate comparison with data from the wing-body

configurations in later figures.

The pressure distributions measured on the lower lifting surfaces

of the wing-body configurations are presented in figures 5 to 13. The

data have been grouped in the figures to illustrate the effects of various

changes in body shape on the pressure distributions. The effects of the

basic body variables of wedge height h/c o and wedge half-angle _ are

illustrated in figures 5 to 7- Figures 8 to 13 illustrate the effects of

modifying the basic body shapes. All of these modifications, excepting

body 8, are based on body 4. The pressure distributions presented in

figures 5 to 13 are based on pressures measured on the sides of the bodies

as well as pressures measured on the bottom surfaces of wing and body.

A detailed discussion of the origin of the data and method of fairing is

presented in the section entitled "Reduction and Accuracy of Data." The

basic pressure distributions are discussed herein in only a general manner.
Details of the distributions are not considered.

The body orifices on configuration 5 were not located in the same

chordwise stations as the wing orifices. The body data presented in

figure 6 for configuration 5 were, therefore, obtained from faired curves.
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No pressure distributions are presented for the bottom surface of body 7
(fig. 7) because of inconsistencies in the measuredpressures. These
inconsistencies are believed to have been caused by a localized, small
air leak at the junction of the body and splitter plate. This leak did
not significantly affect the pressures on the wing or side of the body.
The integrated pressure forces for configuration 7 were obtained by
assuming that the pressure distributions on the bottom surfaces of bodies 6
and 7 were identical. The resultant error in the pressure forces should
be small since the pressure distributions on the bottoms of the bodies
were affected very little by body height (figs. 5 and 6).

The shock locations from the data for bodies 1 to 7 are shown in
figure 14. The front portions of bodies 10, ll, and 12 are the sameas
body 4 and the shock locations are, therefore_ the same. A study of the
data from bodies 15 and 14 did not indicate any change in shock location
from that of body 4 although the heights of bodies 13 and 14 and the
curved edges might have been expected to produce somechanges. For
bodies 8 and 9 the shock waves were slightly outboard from the shock
waves of bodies 5 and 4, respectively. This location of the shock waves
would be expected because the origin of the shock wave was moved outboard
from the wing center line.

Lifting pressure distributions for bodies i through 7.- The data

presented in figures 5, 6, and 7 indicate the effects which the wedge-

shaped bodies have on the wing pressure distributions. Near the wing

apex the pressures are a function of the body half-angle. Farther back

on the wing the pressures decrease significantly since the body heights

are not sufficient to maintain a two-dimensional flow field over the

wing. The magnitude of the pressure decrease is larger for the smaller

body heights, as would be expected. The interference pressure rise on

the bottom of the body is smaller than on the wing and appears to be

independent of the body height. Near the edge of the body the pressures

on the bottom surface become more negative_ probably because of an over-

expansion around the square edges of the bodies. It may be noted in fig-

ure 12 that the overexpansion of pressures does not occur on body 13,

which has the rounded edge.

Interference lift coefficients of bodies i to 7.- The lift coeffi-

cients produced at an angle of attack of 0° by bodies 1 to 7 are given

at the top of figure 15. These values vary from 0.0077 for body 1 to

0.0532 for body 7. (At _ = 4° the lift coefficient of the isolated

wing is 0.0545.) The average interference-lift coefficients over the

angle-of-attack range (_CL, p_average_are from 0.001 to 0.005 higher

than the values at _ = 0°. The variation of the interference lift with

body height h/c o is due to the fact that none of the body heights were

large enough to produce completely two-dimensional flow on the wing. The
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height of body 7 _c-_o= 0.158), for example, was about 39 percent of the

two-dimensional height (based on the Mach angle of the flow after the

9° compression). It is of interest to examine (fig. 15) the variation

with body height of the ratio of the measured lift coefficients at 0°

angle of attack and a calculated _$_ coefficient based on the two-

dimensional pressure rise (Cp,2D) created by the various wedge half-

angles. This two-dimensional pressure was assumed to act on all the wing

and body lifting surfaces behind the wedge shock wave. Over the experi-

mental range of h/c o the measured lift varies almost linearly with

h/c o . At larger body heights than h _ 0.158 the rate of increase of
C o

the measured lift probably decreases significantly for 5 = 5° and to a

smaller degree for 5 = 6° since at h - 0.158 these bodies are less
Co

tlhm_ 50 percent of the two-dimensional heights but have already developed

a larger portion of the two-dimensional lift. At a given value of h/c o

the bodies develop a smaller percentage of the two-dimensional lift as

5 increases. It thus appears that the interference pressures are relieved

relatively faster by three-dimensional effects as the body half-angle
increases.

Lifting pressure distributions and interference-lift coefficients

of modified bodies.- Modification of bodies 3 and 4 to provide an air

inlet at the nose of bodies 8 and 9 does not appear to significantly

affect the pressure distributions over the rear portion of the wing

(figs. 8 and 9). This similarity of the pressure distributions is, in

part, due to the fact that the leading edges of the sides of bodies 8

and 9 were located in the plane of the theoretical two-dimensional shocks

produced by bodies 3 and 4. Over the forward portion of the wing the

pressure distributions created by bodies 8 and 9 differ from those of

bodies 3 and 4 because the regions of two-dimensional flow created by
the bodies start in different locations.

The shapes of bodies i0, ii, and 12 were identical to body 4 back

to values of x/c o of 0.682, 0.50, and 0.75 , respectively. The pressure

distributions over the major portions of the wing should, therefore, be

the same for the four configurations (figs. i0 and ii). The expansion

on the bottom of body i0 appears to be felt over the inboard section of

the wing at x - 0.971. This expansion results in a negative lift on
c o

the rear of the body such that the overall lift coefficient at each angle

of attack is about 0.010 less than for body 4. The expansions produced

by the sides of bodies ii and 12 affect the wing pressures as shown in

figure ii. These expansion fields reduce the lift coefficients by about

0.010 and 0.004, respectively, over the angle-of-attack range.
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The pressure distributions which are produced by bodies 13 and 14

(figs. 12 and 13) are quite similar to those of body 4. At the forward

station, bodies 13 and 14 produce slightly higher pressures_ probably

because of the slightly greater heights. Over the inboard rear stations

the wing pressures are less than with body 4. This effect probably is

obtained because of the rounded corners. On the bottom of body 13 the

reduction of Pressure which occurred near the edge of body 4 appears to

have been eliminated. The interference lifts of these two bodies are

from 0.002 to 0.006 higher than for body 4.

Pressure distributions on the sides of the bodies.- The pressures

on the side surfaces of the bodies are presented in figure 16. In gen-

eral, the pressures were measured at three heights z/c o on the sides

of the bodies, and the pressures are plotted as a function of X/Co.

Portions of the surfaces of bodies 13 and 14 were curved. For these two

bodies the pressures on the curved surfaces have been plotted as a func-

tion of angular position and on the flat surfaces as a function of z/c o

for each of the ll chordwise stations (figs. 16(m) to 16(t)). The pres-

sures change rapidly near the front of all the bodies because of the

effects of the wing flow field and the expansion around the corner of the

body. At the body leading edge the measured pressure coefficients should

be equal to the two-dimensional, calculated values of 0.039, 0.086, and

0.142 for the body half-angles of 3°, 6° , and 9° , respectively. The pres-

sures are relatively uniform over the rear half of each body except for

bodies lO, ll, and 12 which have abrupt changes of shape. On bodies 8

and 9 it was impossible to locate orifices near the leading edge because

of the internal air passages. The pressure distributions in these regions

have been estimated by a consideration of the wing pressure field and the

expansion field around the corner of the body.

Comparison of Experimental Results With Linear Theory

Wing alone.- The comparison of the experimental lift-drag variation

on the bottom surface of the wing alone with the variation predicted by

linear theory is presented in figure 17. The experimental increase of

drag with lift was less than predicted by linear theory. These differ-

ences, however_ are small. At a lift coefficient of 0.05 the measured

drag is about 0.0005 less than the calculated drag. This drag reduc-

tion is due to the fact that the variation of the forces with angle of

attack is greater than predicted by the linear theory. The reason for

the difference is evident in figure 4 where the experimental and linear-

theory pressure distributions may be compared at the typical x/c o sta-

tions of 0.278 and 0.971. The experimental results show the same varia-

tion with spanwise location as the theoretical results out to the location

of the free-streamMach angle originating from the wingapex. Outboard

of this point the linear theory predicts a constant pressure, but the
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experimental results show a continuously increasing pressure. It is

these large increases in outboard pressures which are primarily responsi-

ble for the larger forces at a given angle of attack.

Wing-body configurations.- This discussion of the wing-body config-

urations is limited to the results obtained from the configurations with

bodies i to 7 since these bodies are amenable to analysis by linear theory

and the results indicate the effects of the basic variables of body height

and body half-angle. The equations used for the calculations are presented

in appendix A. In these equations it is assumed that the body pressures

are felt only on that portion of the wing enclosed by the Mach lines from

the apex of each body; whereas, for some configurations at angles of

attack, the body shock waves move ahead of the wing leading edge. A com-

parison of the experimental and calculated results at an angle of attack

of 0° is presented in figure 18; where CL, p and CD, p are each plotted

as a function of body he_sl, u n/c o . As would be expected, the forces

increase as the body height and half-angle become larger. The experi-

mental lift values (fig. 18(a)) are from 20 to 50 percent higher than

the theoretical values for all bodies except that at h _ 0.105, where
Co

the increase is only about 15 percent. The drag results (fig. 18(b))

indicate that at small body angles the linear theory provides acceptable

accuracy. With 5 = 6° , the experimental values of drag are about 0.0003

higher than calculated values. At 5 = 9° the differences are appreci-

ably larger. It must be remembered, of course, that the larger bodies

violate the small-disturbance assumptions of the linear theory. At

5 = 9 ° the two-dimensional pressure rise at the body apex is 0.142,

which is about 33 percent larger than predicted by linear theory, and

both the lift and drag forces might, therefore, be expected to be larger

than the calculated forces. Another factor contributing to the larger

lift coefficients, as previously mentioned, is the fact that the body

pressures are felt over a larger portion of the wing surface than is

assumed in linear theory.

The experimental and calculated variations of drag coefficient with

lift coefficient are compared over the angle-of-attack range in figure 19.

The unlabeled ticks and symbols in figure 19 denote conditions at angles

of attack of 2° and 4° . At values of lift at angles of attack near 0°_

the drags are equal to or larger than those calculated. The differences

between the calculated and experimental results are larger for the larger

bodies. As the lift increases, the drags become less than the calculated

values. This trend is similar to the trend for the wing alone (fig. 17).

At the higher angles of attack the measured forces are considerably larger
than the calculated values.
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Effects of Bodies on Lift-Drag Ratio

The variation of lift-drag ratio with lift coefficient is presented

in _gure 20 for all the wing-body configurations. Three curves are pre-

sented for most configurations. The curve labeled (L/D)p includes or_ly

pressure forces on the wing lower surface and forebody, (L/D)f includes

the pressure forces and a skin-friction drag on the corresponding surfaces,

(L/D) t includes the previous forces and the measured base-pressure drag.

The skin-friction drag is based on a turbulent skin-friction coefficient

of 0.0013, which is a typical value for a large, bomber-type aircraft

(R = 80 x 106). For the config_ratlon with body lO the pressures on the

closing surface Of the body were considered to be a part of the forebody

pressures; therefore, no (L/D)f is presented in figure 20(j). (L/D)t

has been omitted for nacelle configurations 8 and 9 since the base area

would be filled by a jet exhaust. The variation of (L/D)f for the wing

alone has been included in figure 20 for purposes of comparison.

It is of interest to first compare the performance of the seven

basic wing-body configurations with the wing-alone configuration, while

considering only the pressures on the wing and forebody. This comparison

may be conveniently made by the use of figure 21. It is apparent from

figure 21 that, at typical operating lift coefficients (about 0.05 since

the lift of only the lower wing surface is involved), only the configura-

tions with the smaller bodies (1, 2, and 3) equal the performance of the

isolated wing, and none of these three configurations possess character-

istics substantially superior to the isolated wing, even though the

effects of the additional body skin friction have been neglected. The

maximum reduction of drag is about 0.0003.

When the skin friction and base drag are considered, none of the

basic wing-body configurations has a maximum lift-drag ratio equal to

that of the lower surface of the isolated wing. This fact is shown in

figure 22, where the maximum lift-drag ratios are presented as a func-

tion of body height. A turbulent skin-friction coefficient of 0.0013

was used in preparing the figure. Two sets of curves are included to

illustrate the effect of base pressure. When the nacelle application is
i

considered (no base drag), the smallest body _ = 3°; h = 0.0525_ has

\ C O I

a maximum lift-drag ratio of 12.1, which is essentially the same as that

of the isolated wing. As the half-angle or height increases, the maximum

lift-drag ratio decreases appreciably. For configuration 7 the maximum

value is 5.9. The trend of curves seems to indicate that it may be pos-

sible to exceed the maximum lift-drag ratio of the isolated wing by use

of bodies which have a small height and a small angle. The favorable

increment, however, is probably small. These small bodies might be
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considered to produce the same effect as wing camber. From a practical

point of view, it would appear difficult to obtain an installation where

the nacelle height was less than 4 to 5 percent of the wing root chord

unless the airplane is very large or the engines are partly buried in •

the wing. The maximum lift-drag ratio is reduced by 2 to 3 units

(fig. 22) when the base pressure force is taken into account.

The lift coefficients corresponding to the data of figure 22 are

presented in figure 23. As the maximum lift-drag ratio decreases, the

corresponding lift coefficient increases. It is probable that for some

of the larger basic configurations the maximum lift-drag ratio could not

be utilized because of the high lift values.

The effects of modiTying bodies 3 and 4 to represent air inlets were

studied with bodies 8 and 9 (fig. 2). These bodies captured the full

stream tube ahead of the body opening; therefore, the shock wave pro-

ducing the interference pressure fields originated at the cowl side lip.

As previously mentioned, the cowl side lip lay in the plane of the two-

dimensional, theoretical shock wave produced by bodies 3 and 4. The

results presented in figure 24 indicate that the modifications just

described had no measurable effect on the interference characteristics

of the basic bodies. It thus appears that the interference effects of

rectangular nacelles which operate at a mass-flow ratio of I may be sim-

ulated by similar bodies without air flow. As the width of the air inlet

becomes greater, it is possible that the degree of simulation may decrease.

The effects of replacing the square outboard corner of body 4 with

a circular or elliptical corner are shown in figure 25 where the lift-

drag ratios of configurations 4, 13, and 14 are plotted as a function of

the lift coefficient. For either a nacelle or a volume installation, the

modified corner increases the maximum lift-drag ratio. The increments

are larger for the nacelle application (no base drag). For this case

the circular edge shape increases the maximum lift-drag ratio from 8.7

for configuration 4 to 9.8. If the comparison is made at a constant body

height of 0.12Co, the lift-drag ratio is increased from 8.3 to 9.8.

(See fig. 22.) The increase in performance obtained with body 13 is

partly due to the fact that the frontal area of the body is less than

for body 4, and also the pressures over the rear portion of the body are

less than for body 4. The pressure reduction may be seen by comparing

figures 16(d) and 16(m) to 16(p).

The results of other modifications to body 4 are shown in figure 26.

For a nacelle installation, small gains in maximum lift-drag ratio may

result from maintaining a constant width over the rear portions of the

body (bodies ii and 12). These increments are small when compared with

the results of rounding the outboard edge of the nacelle (body 13). For

a volume installation, reduction of the maximum body width results in a

J

!
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significant increase in maximum lift-drag ratio, primarily because the

base drag is reduced. Removing the bottom of the basic body along a

Mach line (body 10) improves the lift-drag ratio (L/D)t of the basic

body by a small amount.

Interference Effects Based on Volume Considerations

In the previous section it has been shown that the overall lift-

drag ratio of the isolated wing is not improved by the type of wing-body
interference discussed herein. This conclusion does not eliminate the

possibility that the volume contained in these bodies may be obtained at

a relatively small drag penalty when cempared with noninterference-type
bodies. In this section the interference characteristics of the bodies

are evaluated on a volumebasis by means of an incremental drag coeffl-

cient v which is based on the body volume raised to the +,_ ÷_d_

power. The drag increment is equal to the difference at a given lift

between the drag of a wing-body configuration and the drag of the isolated

wing and includes the skin-friction drag. The base-pressure drag is

included in _I(ZkCD,t_v and the discussion is based on these values. The

ccrresponding drag values for zero base drag (_CD, f)v are also presented

as a matter of general interest.

The reference body chosen as a basis for comparing the volume effi-

ciency of the various configurations was an isolated Haack body having a

minimum drag for a given volume and length (ref. 6). For a skin-friction

coefficient of 0.0013 the optimum fineness ratio of the reference body

was 18.1. The calculated drag coefficient based on volume to the two-

thirds power was 0.0195. This type of reference body was chosen because

it approximates an optimum fuselage shape and its drag coefficient should

be representative of the drag penalty incurred when volume is provided by

use of a conventional fuselage.

The volume efficiencies for configurations I to 7 are presented in

) is plotted as a function of the lift coeffi-figure 27 where ACD, t v

cient. None of the configurations has a volume drag coefficient which

is as low as that of the isolated Haack body. Configuration l, which

had the highest maximum lift-drag ratio for configurations 1 to 7, has

the lowest value of (2_CD,t) v of about 0.026, as compared with the value

of 0.0195 for the isolated Haack body. For the remaining configurations

the volume drag coefficient is from two to five times as large as the

value for the Haack body. It is of interest to note that a large part

of the drag penalty is caused by the base drag. This fact is shown at

the bottom of figure 27 where the volume drag coefficient (ACD,f)v,

which neglects the base-pressure force, has been plotted. Under these



conditions the drags of all configurations except with body 7 are less
than the drag of the isolated Haack body. It should be noted that since
the fineness ratio of the reference body was fixed at 18.1, the length
as well as the diameter of the reference body must necessarily vary as
the volume of the experimental bodies varied. The reference bodies were
always longer th_u the wing-roob chord co and varied from 1.25co for
configuration i to 2.59co for configuration 7.

The effects of modifying the shape of body 4 are shown in figure 28.
Maintaining a constant width over the rear 50 percent of the body (body ii)
reduced the volume drag coefficient from that of configuration 4 by 30
to 40 percent. Smaller improvementswere obtained by rounding the out-
board edge of the body and by maintaining a constant width over the rear
25 percent of the body length. The volume drag of the basic body was
increased by cutting off the bottom of the body along a Mach line. If
the base drag does not have to be charged to the configarations, then the
res11!ts of the volume efficiency comparison change and configuration 13
becomesthe most desirable with an incremental volume drag of less than
half that of the Haackbody.

The results just presented indicate that the volume drag of the
basic wedge-shapedbodies maybe reduced by altering the basic shape.
The magnitude of the changes would be expected to vary with the size of
the basic body. It is not possible, however, to generalize these results
and to determine which body shape (a basic wedge-shapedbody at given
values of 8 and h/c o or a modified shape at other values of b and
h/c o) would have the minimumvolume drag for a required volume. Configu-
rations 2, 6, and ii had equal volumes and their volume drags maybe com-
pared in figure 29. Whenthe base drag is taken into account the modi-
fied configuration ii is better than either of the basic configurations 2
or 6. It might be possible, however, to improve the characteristics of
configuration 2 by rounding its edges (similar to configuration 13) and
perhaps have a lower volume drag than that of configuration Ii. Additional
experimental results would be required to determine this point.

t

L
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CONCLUSIONS

An investigation has been made of the interference effects which are

produced at a Mach number of 3.11 by wedge-shaped bodies, simulating

nacelles, located under a triangular wing. The effects of the basic

variables of wedge angle and height, of air flow, and of modifications to

the basic shapes were studied by measuring and integrating the pressures

on the bodies and on the bottom wing surface. The results were analyzed

both from nacelle considerations where the base-pressure effects may be

neglected and from volume considerations where the base-pressure effects
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must be included in the drag. The data and discussion do not include

the forces generated by the top surface of the wing since the body pres-

sures are generally felt only on the lower wing surface. The tests were

made in the Langley gas dynamics laboratory in a blowdown jet at angles

of attack from 0 ° to 6°. The following conclusions were reached:

i. The use of the basic body shapes under the triangular wing did

not result in a maximum lift-drag ratio which was larger than that of

the isolated wing, even when the base-pressure drag was neglected. The

maximum lift-drag ratio of the configuration with the smallest body was

about equal to that of the wing alone, but the use of larger bodies

resulted in lower values. Use of bodies smaller than those tested might

produce maximum lift-drag ratios larger than that of the wing alone, but

the increment probably would be small.

2. The agreement between the linear theory and the experimental

results was fairly good at low lift coefficients for the smaller basic

bodies. The discrepancies increased as the body size increased. At high

lift coefficients the linear theory predicted more drag than was measured

but underestimated the forces at a given angle of attack.

3. Modification of the basic body shape by rounding the outboard

edge of the body or by maintaining a constant width over the rear portion

of the body reduced the body drag and improved the maximum lift-drag ratio

of the basic wedge-shaped body.

4. Modification of the basic body shape to incorporate a supersonic
nose inlet did not alter the interference characteristics of the basic

shape.

5. When the bodies were considered from the viewpoint of drag per

unit volume, and the base-drag effects were included, it was shown that

none of the bodies were as efficient as an isolated Haack body of fine-

ness ratio 18.1 which was used as a reference.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Field, Va., July 7, 1959.
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APPENDIX A

The linear-theory equations from which the calculated results were

obtained are presented herein. These equations were obtained from the

La_igiey Theoretical Mechanics Division.

The lift coefficient induced on the lower wing surface by the bodies

is independent of angle of attack and is expressed by the equation

h 2 _ iSh
c_,,B _ co _o

L

2

5
4

The total lift coefficient on the body and lower wing surface at

angles of attack is expressed by the equation

2_

CL, p = CL, B + --

The drag coefficient CD, B of the body is induced by the pressure

field of the body itself and is expressed by the equation

462

CD, B =

+_z
2

f

2_h sin_l(2_hl + 21_h_21og + Co 2

, oj , oj z)

\Co /
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The drag coefficient of the wedge CD,B_ w is caused by the pressure

field of the wing md is expressed by the equation
r

2_8

CD,B, w _ _2___ 'iI
C o

_- (_-_)_o/

+

\'_o/ (_2 _ + 2n2

qVq 2 - i

L

• C O
t&n-1

_,_/ .3

The total-pressure drag, with base drag neglected, is expressed by

the equation

CD, p = CD, B + CD,B,w + (CL,p)C_
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TABLE I.- PRESSURE FORCES MEASURED ON WING ALONE AND ON WING-BODY CONFIGURATIONS

Configuration

Wing alone

_, deg CL,p

o
•0268
•o546
•o859

Body i

0 0.O186

2 •0507
_oay 2 4 .o77._

6 .11oo

o o.Ol

m_y 5 _ .o4_1
. O721

6 .io_

o o.02_4

Body _- e .o925
4 .O850
6 .1141

Body 5

Body 6

Body 7

Body 8

Body 9

Body i0

Body ii

0.00772
.o586
.o656
.0974

o.036o
.0655
•0962
•1296

0.0230
.o5o9
.0790

.lllO

0.0532
.o85o
.117
.145

0.O121

.04O7

.0709

.io5

0.0245
.0522
.O829
.lZ3

o.o1_5
•0421

.o725

.i04

0.0162

.0415

.o713

.i04

0.0214

.o_69

.0782

.ii0

CD,p

o

•000955
.oo_82
•00902

O.000169
.0016_
.00499
•OlO9

CD,b

o.0OO95
.00o9o
.ooo_}
•ooo72

0.000866 0.00515
•O03O2 .o03o4
•oo709 .oo292
•o157 .oo287

o.ooo6_ o.oo2P/
.002_.5 .00117
•oo656 .o02o9
•o128 .OO199

O.00179 O.00_
•004-26 .OO470

•0089o .0o459
•0199 .o0447

0.00345
.00657
.oi19
.0198

o.001_
.oo589
.oo815
.0150

O. 00798

.0124

•0192

.028O

o.00o56_
,00238
.00622

•O129

0.00168

.00418

.00899

.0160

0.00519*
.00706"
.0111"
.0171"

0.OOi17
.00289
.00672
.0150

o.ooi_

.00577

.oo8ol

.o146

o.0067_-
.oo671
•0o648
.00648

0.00547
.00555
.0o521
.00510

0.0102

•oo989
.0102

.OLO5

0.00212

.00202

.0o197

.00181

0.00355
.00544
,00535
.0o324

Body 12

0 0.0299 0,00147 0.00459
2 .0549 .00391 .00436

Body 13 4 .O850 .00856 .00433

6 .120 .O159 .00419

0 0.0277 0.00195 0.00400

Body 14 2 .0560 .00413 .00400
4 .O871 .00902 .00394
6 .120 .016_ .00394

*Includes pressures on resr surface of body.

21
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Trailing-edge extension-_ k

5.o \

TYPICAL WING SECTION-AA

7.50

t _--- 2.25

tom noz:zlgP>_ scoop

!

po
k..ll

Figure lo- Schematic drawing of experimental setup. All linear
dimensions are in inches.
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Body _,deg h_.. Y
CO Co

I 3 0.0525 0.0525

2 3 .158 0525

3 6 0525 .I05

4 6 .105 .105

5 6 .158 .105

6 9 .0525 .158

7 9 _ .158 .15B

i" i:" ": , , : ,',,'" ,'" : :'" : :'" :',
:.. :.. :.qo_:_i,r_ .:. :.'" :.:'...!:. 25

°:o°:o:',:/
.oo_ I .,<.:._-_.._
.oo55,i _ _>2/ / _-

oo4,3/j';_///%.- Body,
0124 _/"_// "_ Body 7

h Y
Body (_,deg _o c-"_

8 6 0.0525 0.144

9 6 .105 .144

.0525 o -

(a) Bodies 1 to 9.

Figure 2.- Schematic drawing of body shapes investigated.
extension deleted for clarity. Wing root chord co is

8.66 inches.

Wing
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h Y Vol.
Body _,_eg Co % -_o

I0 6 0.105 0.105 000396

Y

0.682 Co

LC_
¢'q

I

h Y
Body u,deg Co Co

II Co 0.105 0.0525

12 6 0.105 0.0788

Vol.

0.00413

0.0O518

dy 12

_._o_2_.o._Co

(b) Bodies i0 to 12.

Figure 2.- Continued.
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Body _,deg h-b- Y v°--LI
CO Co Co_

2_

13 6 0.120 0.105 0.00551

Shaded portion of body has a conical

shape. Local radius is equal to local body

width.

Co

Body B, deg h_... _ Vol..__
Co Co Co3

14 6 0.112 0.105 000551

Shaded portion of body has o 2 to I

elliptical shape. Local major axis is

equal to local body width.

(c) Bodies 15 and 14.

Figure 2.- Concluded.
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Bottom of wedye
5,'de oi wedge

h/zn..9
From fo,,,_d dQ #o

Figure 5.- Schematic drawing of wing-body configuration 4, showing loca-

tion of orifices, typical pressure distribution at _ = 0 °, and loca-

tion of body shock at _ = 0 °.
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.2 4 .6 .8
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Figure 4.- Pressure distributions on bottom surface of wing alone and

comparison with linear-theorypredictions. Flagged symbols are from
faired data.
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I I
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-I

o_
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0

I I
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Co

.Z 4-

8o&) h_
Co
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(a) a = 0°.

Figure 5.- Pressure distributions on lifting surfaces of wing-body con-

figurations for bodies i and 2. _ = 3 °.
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d

+.1

-- 2f_ = 0.082- _

Co I

t_
cd

!

o

t-.7 -

_-.|

cp

+.?.

I
x = o.?-78

----c°] i

• " i "

--r
= 0.798

Co

_-.I --

0

4- I

_a = 0.565

}

J

4-.I

0

I

__ =0,538

_° I I Lo __

(b) c_ = 2°.

Figure 5.- Continued.
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Figure 5.- Continued.
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Figure 5-- Concluded.

51



32
• • • • ii iiIi II • Ii • •

UQ_ 6._ _ • • • .... • O*e 6B OOD OI

-- _ Co = O.OHc'

Co

.E_-21 I

I

+1

co

I 1

__ two = 0.462

-+.1

--_ - 097_

"q"_-7-" : ' o_Jll

-I

Co

0 .2 4,
1_

._ .6' o

fo

--0 3 0.052-_

•-- 3 4 0 _05

-- - <] 5 o.t58

'¢,';r,9 nit,(_
I L .... ]

Z • 6 .8 I,o

U"N
O,J

I

(a) a = 0 °.

Figure 6.- Pressure distributions on lifting surfaces of wing-body con-

figurations for bodies 3, 4, and 5- 8 = 6° . Flagged symbols are
from faired data.
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surface not considered.
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